The potential influence of pain on social behavior in laboratory animals has rarely been evaluated. Using a new assay of social behavior, the tube co-occupancy test (TCOT), we assess propinquity-the tendency to maintain close physical proximity-in mice exposed to pain using subcutaneous zymosan or spared nerve injury as noxious stimuli. Our previous experience with the TCOT showed that outbred mouse sibling dyads show higher levels of tube co-occupancy than stranger dyads. We find here that long-lasting pain from spared nerve injury given to both mice in the dyad abolishes this effect of familiarity, such that strangers also display high levels of propinquity. We performed a separate experiment to assess the effect on dominance behavior of nerve injury to one or both mice of a dyad in which relative dominance status had been previously established via the confrontation tube test. We find that neuropathic pain given only to the dominant mouse reverses the relationship in male but not female mice, such that the previously subordinate mouse becomes dominant. These observations bolster the scant but growing evidence that pain can robustly affect social behavior in animals.
were reluctant to co-occupy. Interestingly, we found that inbred mouse strains showed high levels of co-occupancy behavior in any social condition, which we interpret as an abnormality in the social functioning of inbred mice. 10 In that study, we observed that all tested inbred strains displayed high levels of propinquity, even to stranger mice, which was markedly reduced in both outbred and especially wild-derived mice, 10 suggesting that extensive tube co-occupancy with strangers is a specific result of domestication and/or inbreeding.
The effect of pain on one or both of the mice tested in the TCOT
is an entirely open question. Preliminary data from our lab suggested that short-lasting pain did not significantly affect TCOT behavior, but we reasoned that longer-lasting noxious stimuli may have more pronounced effects. We thus examined the effect of two noxious stimuli on dyadic social behavior in the TCOT: (1) a tonic inflammatory stimulus, zymosan, injected subcutaneously into the hind paw; and, (2) a chronic stimulus, spared nerve injury, which produces long-lasting neuropathic pain symptoms. As we reasoned that observed effects might be mediated by changes in dominance relationships between mice, we also directly tested the effects of chronic pain on dominance in male and female mice using the standard confrontation tube test. 11 2 | METHODS
| Subjects
Naïve, young adult (7-12 weeks of age) outbred CD-1 (Crl:CD1(ICR)) mice of both sexes, bred in-house at our animal facility at McGill University, were used in all experiments. Mice were weaned at 18 to 21 days, and group-housed (3-5 per standard shoebox cage) with same-sex littermates in a temperature-controlled (20 AE 1 C) environment (14 hours:10 hours light/dark cycle; lights on at 07:00 hours) with access to tap water and Harlan Teklad 2020x ad libitum. Experiments occurred near mid-photoperiod; all runs commenced no earlier than 09:00 hours and no later than 15:00 hours.
| Tube co-occupancy test
The automated version of the TCOT was performed as previously described. 10 Same-sex mouse dyads were placed, at the same time,
into an arena with opaque Plexiglas walls (39 x 26 x 12 cm high), situated on top of a glass shelf 105 cm above the ground to create a visual cliff, and brightly illuminated with a 250 W LED light (≈3000 lx). Each open field box contained a single opaque polyvinyl chloride (PVC) cylinder (7.5 x 3 cm diameter) placed against one long wall. A digital video camera was placed directly over the arena. Mice in the dyad were in one of two social relation conditions: (1) sibling (born of the same parents and raised together in a single home cage from birth until weaning, and in a single home cage with same-sex littermates from weaning until testing), or (2) stranger (born of different parents with no contact prior to testing). We previously showed that TCOT behavior is identical when mice are familiar and related compared with mice that are familiar and nonrelated, 10 and for ethical reasons chose to test only siblings. Sibling and stranger mice were randomly assigned to one of three pain conditions: (1) no pain (NP; in which neither mouse in the dyad received any noxious stimulus),
(2) one-in-pain (OP; in which one mouse of the dyad received the noxious stimulus but the other did not), or (3) both-in-pain (BP; in which both mice in the dyad received the same noxious stimulus). Two different types of noxious stimuli were used, as described below.
Although the automated scoring of tube vacancy, single occupancy, and co-occupancy can be achieved using load cells, 10 this system was nonfunctional at the time of data collection, which proceeded instead by video time-sampling and manual scoring by an experimenter blinded to social relation and pain conditions. Every minute, a single 10-second video sample was analyzed, generating percentages of samples featuring tube co-occupancy, single occupancy, or vacancy.
Our previous experience shows that the difference between sibling and stranger TCOT behavior is maximal in the second hour of testing, and thus data reported herein are average percentages of sampled tube occupancy behavior from 60 to 120 minutes following placement in the TCOT arena.
Sample sizes were based on breeding availability, and ranged from n = 14 to 28 dyads (ie, 28-56 mice)/social condition/pain condition.
| Pain states
Mice were subjected to zymosan or spared nerve injury (SNI) as previously described in detail. 12, 13 Some mice received a subcutaneous injection of 0.25 mg/mL zymosan (20 μL injection volume) into the right hind paw 30 minutes prior to TCOT testing. In NP and OP conditions, both or one mouse, respectively, received physiological saline instead. Other mice received a unilateral spared nerve injury (sparing the sural nerve) 14 under isoflurane/oxygen anesthesia 7 days prior to TCOT testing. In NP and OP conditions, both or one mouse, respectively, received sham surgery instead, in which the nerves were exposed but not severed. Algesiometric testing was not (and could not be) performed on mice while in the TCOT arena, so separate groups of mice were tested on pain assays using standard procedures to confirm the presence of pain behavior.
| Dominance experiment
Same-sex mouse dyads drawn from separate cages (and thus all strangers) were randomly allocated into four groups (n = 12 dyads/ group/sex) and then tested in the confrontation tube test 11 to establish relative dominance status. Dominance as assessed in this assay has been found to correlate well with dominance established via other methods, including barbering, inclination to courtship, urine marking, food competition within a visible burrow, and agonistic behavior. [15] [16] [17] In the confrontation tube test, mice are placed in a transparent Plexiglas acrylic tube (3.5 cm in diameter, 30 cm in length) and are individually habituated for 1 hour. In the testing trials, mice are introduced into opposite ends of the tube and interact at the center of the tube.
The mouse that forces its opponent out of the tube entirely is deemed dominant. Dyads in which one mouse reliably displayed dominanceby "winning" ≥6 of 10 testing trials-were retained (n = 9-12 dyads/ group/sex) and underwent the following surgical procedures: (1) 
| Statistical analyses
Pain behavior was analyzed using repeated measures (baseline vs postinjection/surgery) ANOVA. TCOT co-occupancy behavior in the second hour of testing 10 was analyzed by two-way ANOVA (social condition x pain condition) of co-occupancy data, followed where appropriate by one-way ANOVAs and Tukey post hoc testing. Confrontation tube test behavior (ie, percentage of "wins" per 10 trials) was analyzed by two-way repeated measures ANOVA (dominant mouse surgical condition x subordinate mouse surgical condition) for male mice, and one-way repeated measure ANOVA for female mice. In every case a criterion α = 0.05 was used to establish significance. No data points were excluded as statistical outliers or for any other reason, except in dyads where no clear dominance hierarchy was established after 10 trials (n ≤ 3 per group). In these cases, mice were not subjected to surgery and their baseline data discarded.
| RESULTS
Both sexes were tested in equal numbers. 18 No significant sex differences were observed in either main effects or interactions, except as noted below, and so data were collapsed across sex for all reported results.
| Pain behavior
The ability of the stimuli used here to produce pain states was tested in separate groups of mice but with similar intensity and timing parameters. Zymosan, tested 2 hours after injection, produced mechanical allodynia of the ipsilateral hind paw (F 1,7 = 51.6, P < 0.001) but no significant changes in the contralateral hind paw (F 1,7 = 3.8, P = 0.09) ( Figure 1A) . Similarly, SNI, tested 7 days after surgery, produced mechanical allodynia of the ipsilateral hind paw (F 1,7 = 110.5, P < 0.001) but not the contralateral hind paw F 1,7 = 2.8, P = 0.14)
( Figure 1B ). Although the duration of these changes is quite different, the extent of mechanical allodynia at the time of TCOT testing was equivalent in both assays.
| Zymosan TCOT behavior
TCOT behavior of sibling and stranger mouse dyads injected with zymosan and/or vehicle prior to testing are shown in Figure 2A . ANOVA showed a significant main effect of social condition (F 1,116 = 20.7, P < 0.001) but not pain condition (F 2,116 = 1.0, P = 0.37) or social x pain interaction (F 2,116 = 1.3, P = 0.28). However, in this data set there was a significant interaction between sex and social condition (F 1,110 = 7.4, P = 0.008). Analyzing male and female data separately we find a trend toward a social x pain interaction in male mice (F 2,49 = 2.0, P = 0.14) but not female mice (F 2,61 = 0.5, P = 0.62). That is, male mice in the stranger-BP condition displayed (nonsignificantly)
higher co-occupancy than those in the stranger-NP condition; no evidence was observed of a similar change in female mice. Overall, the co-occupancy deficits of stranger mice were not altered by zymosan pain.
| SNI TCOT behavior
TCOT behavior of sibling and stranger mouse dyads given SNI and/or sham surgery 1 week prior to testing are shown in Figure 2B . ANOVA showed a significant main effect of pain condition (F 2,98 = 9.0, P < 0.001) and social condition (F 1,98 = 16.9, P < 0.001) and a significant pain x social interaction (F 2,98 = 3.2, P = 0.04). Analyzing separately by social condition, we observe a significant effect of pain condition in strangers (F 2,54 = 9.6, P < 0.001) but not siblings (F 2,44 = 2.3, P = 0.12). Tukey's post hoc test showed the stranger-BP group to have higher co-occupancy than stranger-NP (P < 0.001) or stranger-OP (P = 0.003) groups. That is, the introduction of chronic pain to both members of a stranger dyad yielded sibling-like levels of tube co-occupancy. This was equally true in both sexes, as there was no interaction between pain condition and sex (F 2,98 = 0.4, P = 0.64).
The generally higher levels of tube occupancy observed in OP and BP conditions in these experiments might follow from decreased locomotion in the arena secondary to the presence of pain. To assess this, we quantified the number of midline crossings during the second hour of testing in the arena of a subset of tested mice, and found no difference between mice in pain vs unaffected mice regardless of social condition (data not shown; all p's > 0.13).
| Single-occupancy behavior in the OP condition
In the NP and BP conditions, both mice of the dyad are equivalent; in the OP condition, by contrast, it is also relevant to consider the behavior of the mouse in pain vis-à-vis the unaffected mouse. Even in this case, only single occupancy behavior can be asymmetric between the affected and unaffected mouse. Although single occupancy FIGURE 1 Zymosan and SNI produce equivalent pain behavior (mechanical allodynia) but of differing duration. Symbols represent mean AE SEM 50% withdrawal threshold to von Frey fiber stimulation of the ipsilateral and contralateral hind paw before and after zymosan injection (A) or spared nerve injury (SNI; B). ***P < 0.001 compared with baseline or other hind paw behavior was rather infrequent in all but the SNI-stranger-OP condition, we analyzed it comparing the affected and unaffected mouse.
A three-way ANOVA (social condition x pain status x sex) showed a significant interaction between sex and pain status (F 1,104 = 7.6, P = 0.007). As shown in Figure 3 , and irrespective of the noxious stimulus (and thus collapsed data are shown), in both sibling and stranger male mice the unaffected mouse spent more time singly occupying the tube than the affected mouse. No such pattern was seen in female mice.
| Effect of SNI on dominance relationships
As shown in Figure 4A 
| DISCUSSION
The current observations replicate the main finding of our previous study, 10 that in the absence of pain, outbred CD-1 mice of both sexes show higher levels of propinquity (tube co-occupancy) if they are familiars than if they are strangers (compare sibling-NP and stranger-NP groups in Figure 2 ). The main purpose of the current study was to investigate how the presence of pain might affect this sibling vs stranger difference in social behavior. Two contradictory predictions are both plausible. First, pain might reduce sociability among conspecifics, even in sibling dyads, as if to send the message: "leave me alone; I hurt". Indeed, the progressive social isolation of human chronic pain patients even from family members 19 would support such a prediction. Alternatively, it could be that pain in one or both mice would increase the motivation for strangers to co-occupy a tube Note that mice used in these experiments were actually albino. See text for intensity and timing information of the two noxious stimuli: zymosan (A), and SNI (B). In graph A, ***P < 0.001 comparing social conditions, irrespective of pain condition. In graph B, **P < 0.01, ***P < 0.001 compared with analogous sibling pain condition; P < 0.05 compared with other pain conditions within stranger social condition FIGURE 3 Tube single occupancy (ie, gray shaded portions in Figure 1 ) of mice of both sexes in the OP condition. Bars represent mean AE SEM percentage of samples featuring single occupancy of the tube in both mice in the OP dyads, those in pain (+) and those not in pain (−). **P < 0.01 compared with mice in pain (+), irrespective of social condition by mooting dominance-related inhibition, as if to say: "let's not fight;
I hurt".
What we actually observed depended on the duration of pain prior to testing. For the shorter-lasting pain of zymosan (in which mice are in pain for only 1and 2 hours prior to the collection of the TCOT data shown), we observed no significant changes in co-occupancy were observed if one or both mice were in pain, and sibling>stranger propinquity was preserved. We would note, however a clear trend toward a reduction of the sibling>stranger difference when both mice were in pain. For the longer-lasting pain state, SNI, in which mice were in pain for an entire week before the TCOT was performed, the effect of pain on propinquity is very clear. The sibling>stranger difference is entirely abated when both mice are in pain. Pain in one or both mice also shows a trend toward increasing tube co-occupancy even in sibling dyads; it is possible that the failure to see statistically significant effects here were due to ceiling effects.
In other words, chronic pain (or, possibly, neuropathic pain, because long-lasting inflammatory pain was not studied) appears to trump social factors in determining propinquity, and increases the willingness of stranger mice to share a tube. The direction of this effect is opposite to that seen using the three-chamber test, in which SNI decreased sociability; 9 this fact would seem to reinforce that the assays are measuring different aspects of social behavior, as we have suggested. 10 The behavior being measured by the TCOT might be considered more "passive" than the one being measured in the three-chamber test, which may account for the difference in the direction of SNI's effect.
The fact that all the observations on the TCOT described above are true for both male and female mice might appear to invalidate explanations involving dominance. We observed very few occurrences of frank aggressive behaviors (ie, fighting) in both these experiments and in our prior study, 10 likely because both mice are largely preoccupied during the 3-hour testing period with exploring the high-stress TCOT environment and avoiding potential predators. Clear evidence for at least some sex-specificity of our TCOT findings comes from the single occupancy behavior of mice in the OP condition (shown in Figure 3 ). In males but not females, when the tube is occupied by only one mouse we observe it is highly likely to be the unaffected mouse compared with the mouse in pain. This finding suggests either that mice in pain are less motivated to enter the tube at all, or that they are at a disadvantage in trying to monopolize the tube for themselves.
The high levels of co-occupancy in most conditions argue against the former explanation. The fact that the disparity between affected and unaffected male mice is somewhat (although not statistically significantly) larger in stranger dyads than sibling dyads (see Figure 3) argues for a dominance-related explanation. Keay and colleagues, 20 who studied the relationship between chronic pain and dominance Equivalent data points were jittered around their respective decile values so they would not be obscured. ***P < 0.001 compared with previous time points within D SNI /s Sham group, and all other groups at 1 month behavior in rats, observed that chronic constriction injury lead a subset of animals to temporarily or permanently exhibit less dominance behaviors in the resident-intruder paradigm.
The current confrontation tube test experiment strongly supports the notion that chronic neuropathic pain leads to loss of dominance in formerly dominant male mice. This does not occur in female mice, in whom dominance relationships appear to be preserved. Although female-female aggression is exceedingly rare, female mice also form stable dominance hierarchies. There are, however, differences between the sexes in the genetic and environmental factors affecting their establishment. 21 The current observations show sensitivity to disruption by chronic pain as another difference in dominance hierarchies between the sexes. As the confrontation tube test is only one of many available assays of social dominance, these findings remain to be confirmed in future work.
Whether loss of dominance per se explains increased co-occupancy behavior in the TCOT is less clear, and likely not directly relevant in female mice unless TCOT behavior is much more sensitive to dominance than the confrontation tube test. We observed an increase in tube co-occupancy in the TCOT 1 week after mice received a neuropathic injury, whereas the reversal we observed in the dominance tube test in male mice occurred only at a later time point. Also, the only group showing a change in dominance relationships was the D SNI /s Sham group, corresponding to the OP group in the TCOT in which we failed to see significant changes in tube co-occupancy. We note that the TCOT and dominance tube test differ in a number of important respects, including assay dimensions, testing duration, degree of social prehabituation, and the measured behavioral outcome. Future experiments will be required to clarify whether it is prosociality and/or dominance (or some other social phenomenon) that primarily drives co-occupancy behavior in the TCOT.
The bidirectional relationship between social factors and pain remains greatly understudied in both humans and laboratory animals.
Although the relationship between the present observations and the situation in humans is unclear, experiments like the present one clearly show that the topic is perfectly amenable for study in animal models. We have previously shown that social findings can translate surprisingly well from mouse to human. 22 After such phenomena are shown to be translatable, the power of mouse genetics and molecular biology can be efficiently applied to show underlying mechanisms.
